INTRODUCTION
Glycosylphosphatidylinositol (GPI) is known to anchor many proteins to the plasma membrane. In epithelial cells, all the GPIanchored proteins are localized to the apical domain of the plasma membrane, suggesting that the GPI anchor acts as a sorting signal for these proteins to target the apical domain [1] . The GPI-anchored proteins are also enriched in caveolae [2] or membrane domains close to caveolae [3] . Caveolae are specialized microdomains that are enriched in sphingomyelin, glycosphingolipid, cholesterol and phosphoinositides [4, 5] and contain GTPbinding proteins, Src-family non-receptor tyrosine kinases, protein kinase C (PKC) and caveolin [2, 3, [6] [7] [8] . It has been suggested that the GPI-anchored proteins are associated with the Src-family protein kinases and induce tyrosine phosphorylation mediated by tyrosine kinase [9, 10] .
There is also evidence that the hydrolysis of the GPI anchor is involved in signal transduction. Treatment of cells with hormones and cytokines induces the cleavage of GPI ; the released inositolphosphoglycans or the remaining diacylglycerol (DAG) act as second messengers [11] [12] [13] . In fact, protein tyrosine kinase in protozoans and PKC in macrophages are activated by inositolglycan and DAG moieties [14] . These observations suggest the involvement of GPI-hydrolysing enzymes in the activation of these protein kinases. It is well known that the GPI-anchored proteins are easily released from the cell surface by phosphatidylinositol-specific phospholipase C (PI-PLC) purified from bacteria, although the enzyme is not specific for GPI and is not active towards mammalian GPI anchors that are acylated on myo-inositol. In mammals, the only purified and well-characterized enzyme responsible for GPI cleavage is GPI-specific phospholipase D (GPI-PLD), which is not affected by myoinositol acylation [15] . GPI-PLD cleaves the GPI anchor and its Abbreviations used : ARF, ADP-ribosylation factor ; BFA, brefeldin A ; DAG, diacylglycerol ; ER, endoplasmic reticulum ; GPI, glycosylphosphatidylinositol ; GPI-PLD, GPI-specific phospholipase D ; PA, phosphatidic acid ; PI-PLC, phosphatidylinositol-specific phospholipase C ; PKC, protein kinase C ; PLAP, placental alkaline phosphatase. 1 To whom correspondence should be addressed (e-mail mm031321!msat.fukuoka-u.ac.jp).
PLD in cells. Furthermore, sucrose-density-gradient centrifugation and immunofluorescence microscopy demonstrated that PKCα was translocated to the endoplasmic reticulum membrane in cells expressing GPI-PLD, in contrast with its association with the plasma membrane in cells treated with PMA. We also confirmed that the phosphorylation of c-Fos as well as PKCα itself was greatly enhanced by the expression of GPI-PLD. Taken together, these results suggest that GPI-PLD is involved in intracellular cleavage of the GPI anchor, which is a new potential source of diacylglycerol production to activate PKCα.
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glycolipid precursor, but not phosphatidylethanolamine, phosphatidylcholine, or phosphatidylinositol [16] . As we and others previously reported, GPI-PLD readily hydrolyses detergent-solubilized GPI-anchored proteins but is not active towards these substrates anchored to intact membranes [17, 18] . When GPI-PLD and GPI-anchored proteins are co-expressed, GPI-anchored proteins are released intracellularly from membranes by GPI-PLD, whereas those proteins expressed on the cell surface are not released by the secreted enzyme [18] [19] [20] . These observations suggest that an intracellular compartment might provide a better environment for the cleavage of GPI anchors by GPI-PLD.
In the present study we examined the effect of overexpression of GPI-PLD on cellular signalling, demonstrating that the expression of GPI-PLD causes the production of DAG, resulting in the intracellular translocation and activation of PKCα.
MATERIALS AND METHODS

Materials
[$&S]Methionine, [$#P]P i , the sn-1,2-DAG assay reagents system and enhanced chemiluminescence (ECL2) kit were purchased from Amersham Corp. (Tokyo, Japan) ; brefeldin A (BFA) was from Wako Chemicals (Osaka, Japan) ; PMA was from Sigma (St. Louis, MO, U.S.A.) ; TransIT2-LT1 polyamine transfection reagent was from Mirus Corp. (Madison, WI, U.S.A.) ; bacterial PI-PLC was from Funakoshi (Tokyo) ; monoclonal antibodies against PKCα and integrin β3 were from Transduction Laboratories (Lexington, KY, U.S.A.) ; rabbit polyclonal anti-(c-Fos) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.) ; rhodamine-conjugated goat anti-rabbit IgG was from Dako Japan (Tokyo, Japan) ; Cy2-conjugated donkey anti-mouse IgG was from Biological Detection System (Pittsburgh, PA, U.S.A.). Rabbit polyclonal antibodies against human placental alkaline phosphatase (PLAP) and human GPI-PLD and GCP372\giantin were prepared as described previously [18, 21, 22] . Rabbit anti-calnexin antibodies were kindly provided by Dr. I. Wada (Sapporo Medical University, Sapporo, Japan) [23] . Antibodies against the C-terminal peptide (20 residues) of ADP-ribosylation factor (ARF) were raised in rabbits and used as anti-ARF antibodies.
Construction and transfection of expression plasmids
Each cDNA encoding GPI-PLD or PLAP was inserted into pSG5 expression vector (pSG5\GPI-PLD and pSG5\PLAP) [21] . The purified plasmid (6 µg) was transfected into COS-1 cells or HeLa cells by incubation at 37 mC for 6 h with TransIT2-LT1 polyamine transfection reagent in a serum-free medium. Cells were incubated for a further 24 h in the complete medium containing 10 % (v\v) fetal bovine serum before use.
Metabolic labelling, immunoprecipitation and SDS/PAGE
Cells (5i10' cells per dish) were labelled at 37 mC for 30 min with [$&S]methionine in 2 ml of Eagle's minimum essential medium lacking methionine, then chased in 2 ml of the complete medium. Cell lysates and culture medium were prepared and subjected to immunoprecipitation with the indicated antibodies in combination with Protein A-Sepharose [21, 24] . When indicated, cells were pulse-labelled and chased for 3 h with or without 5 µg\ml BFA, subjected to phase separation with Triton X-114 [25] and the resulting detergent and aqueous phases were immunoprecipitated as above. The immunocomplexes were analysed by SDS\PAGE [7.5 % (v\v) gel] and fluorography [21] . Apparent molecular masses were determined as described previously [21] .
Quantitative determination of DAG
HeLa cells (5i10' cells per dish) were homogenized in PBS and separated into two portions : one was used directly for lipid extraction and the other was incubated at 37 mC for 1 h with 0.5 unit of PI-PLC before extraction. Cell extraction was by a modification of the method of Bligh and Dyer [26] , with 3 ml of chloroform\methanol (1 : 2, v\v) ; 1 M NaCl was added to bring the aqueous volume to 0.8 ml. After the monophase had been mixed, 1 ml of chloroform and 1 ml of 1 M NaCl were added to break the phase. After centrifugation at 5000 g for 2 min, the lower phase was analysed with a DAG assay reagent system in accordance with the manufacturer's protocol. In brief, samples were dried with N # gas and suspended in the reagent mixture containing DAG kinase, followed by incubation at 25 mC for 30 min with a tracer solution containing 5 mM ATP and [γ-$#P]ATP, allowing the conversion of DAG into $#P-labelled phosphatidic acid (PA). After being washed and dried, the samples were dissolved in 20 µl of chloroform\methanol (95 : 5, v\v). The samples were applied to a silica-gel 60 plate (Merck, Darmstadt, Germany) and developed with chloroform\ methanol\acetic acid (65 : 15 : 5, by vol.) as solvent. The plate was dried in air and analysed by fluorography. The $#P-labelled PA was extracted from the relevant region of the silica gel plate and the radioactivity was counted in a scintillation counter. The DAG in each sample was quantified by plotting the radioactivity against a standard curve obtained with authentic DAG.
Cell fractionation and membrane extraction
Cell fractionation and membrane extraction were performed as described previously [14] . Cells were homogenized in homogenizing buffer [0.25 M sucrose\20 mM Tris\HCl (pH 7.5)\ 2 mM EGTA\2 mM EDTA\2 mM PMSF], then centrifuged at 1000 g for 10 min. The resultant postnuclear supernatant was separated by centrifugation at 105 000 g for 1 h into pellet (membranes) and supernatant (cytosol) fractions. The membranes were resuspended in the same buffer containing 1 % (v\v) Triton X-100. After being incubated on ice for 10 min, the suspension was homogenized again and centrifuged at 105000 g for 30 min to obtain a supernatant (membrane extraction) and a membrane pellet.
Sucrose-density-gradient fractionation
Subcellular fractionation was performed by two established methods. In the first method [27] , a postnuclear supernatant prepared from HeLa cells (5i10( cells) was centrifuged at 80 000 g for 16 h through a continuous sucrose gradient (10.4-40 %, w\v) in 20 mM Tris\HCl (pH 7.5)\150 mM NaCl containing a mixture of protease inhibitors, with a cushion of 1 ml of 65 % (w\v) sucrose ; 17 fractions of 0.9 ml were collected. In the second method [28] , the postnuclear supernatant was adjusted to contain 8.5 % (w\v) sucrose, layered on sucrose gradients with 0.6 ml each of 20 %, 30% and 38 % (w\v) sucrose and centrifuged at 100 000 g for 2 h. Fractions obtained were as follows : fraction 1 from the pellet, fraction 2 from the 38 % sucrose layer, fraction 3 from the combined 20 % and 30 % sucrose layers, and fractions 4 and 5 from the 8.5 % sucrose layer.
Analysis of the membrane association of PKCα
An assay in itro for the membrane association of PKCα was carried out with membranes prepared from COS-1 cells (5i10' per dish) that had been transfected with the indicated plasmids. The membranes prepared as described above were incubated with or without PI-PLC (0.5 unit) at 37 mC for 1 h or with 1 µM PMA at 37 mC for 20 min. The membranes were then incubated at 37 mC for 1 h with rat brain cytosol (1 mg\ml protein). The samples were fractionated again into membrane and cytosol fractions, which were analysed by immunoblotting. For the PKCα translocation assay in i o, HeLa cells (5i10' per dish) transfected with the indicated plasmids were incubated with or without PI-PLC (0.5 unit) at 37 mC for 1 h or with 1 µM PMA at 37 mC for 20 min. The cells were fractionated into membrane and cytosol fractions, which were analysed by immunoblotting.
Immunoblotting
Proteins separated by SDS\PAGE [7.5 % (w\v) gel] were transferred to a PVDF membrane (Millipore), followed by incubation with the indicated primary antibodies for 1 h. Peroxidaseconjugated anti-rabbit IgG (1 : 2000 dilution) or mouse IgG (1 : 1000 dilution) antibodies were used as secondary antibodies. The immunoreactive proteins were detected with the enhanced chemiluminescence kit. The immunoblots were scanned and analysed by NIH Image software as described previously [29] .
Immunofluorescence microscopy
Cells grown on glass coverslips were fixed at 25 mC for 10 min with 4 % (w\v) paraformaldehyde, then permeabilized with 0.1 % saponin in PBS for 20 min. Cells were incubated with a combination of mouse monoclonal anti-PKCα (1 : 100 in PBS) and rabbit polyclonal anti-calnexin (1 : 300 in PBS) or rabbit polyclonal anti-giantin (1 : 300 in PBS) for 15 min. After being washed, the cells were stained for 15 min with Fluorolink Cy2-labelled donkey anti-mouse IgG (1 : 50 in PBS) for PKCα and with rhodamine-conjugated goat anti-rabbit IgG (1 : 50 in PBS) for calnexin or giantin [29] . Activation of protein kinase C by cleavage of glycosylphosphatidylinositol
Protein phosphorylation
Cells (5i10' cells per dish) were labelled at 37 mC for 5 h with [$#P]P i in 2 ml of Eagle's minimum essential medium lacking phosphate. After being incubated for 30 min with or without 1 µM PMA, cells were separated from medium and lysed, then subjected to immunoprecipitation with anti-(c-Fos) antibodies in combination with Protein G-Sepharose. When indicated, $#P-labelled cells were homogenized and separated into cytosol and membrane fractions, followed by immunoprecipitation with anti-PKCα antibodies in combination with Protein A-Sepharose. The immunocomplexes were analysed by SDS\PAGE [7.5 % (w\v) gel] and fluorography.
RESULTS
GPI-anchor cleavage by GPI-PLD in the endoplasmic reticulum (ER)
PLAP is a well-characterized GPI-anchored protein [21, 22] . We examined the involvement of GPI-PLD in the release of PLAP in HeLa cells that had been transfected with the respective cDNA species. When PLAP was expressed alone, the newly synthesized PLAP remained associated with the cells and was not released into the medium ( Figure 1A , panel a). In contrast, when PLAP was co-expressed with GPI-PLD, a substantial amount of PLAP was released into the medium ( Figure 1A , panel b), suggesting that the release of PLAP is caused by the exogenously introduced GPI-PLD. In fact, the GPI-PLD expressed by transfection was easily detected by Western blotting and immu- noprecipitation from [$&S]methionine-labelled cells [18] , whereas the level of the endogenous enzyme in HeLa cells was too low to be detected by the same methods (results not shown). It was also found that PLAP was not released from the cells when medium containing GPI-PLD was used for the chase ( Figure 1A, panel c) .
The results suggest that the newly synthesized GPI-PLD is able to cleave the GPI anchor of PLAP only within the cells, not after being secreted.
We then examined a possible intracellular site of GPI-PLD action for GPI cleavage, for which BFA was used to block the transport of the newly synthesized PLAP and GPI-PLD from the ER to the Golgi. When analysed by phase separation with Triton X-114, PLAP that had been expressed alone was recovered exclusively in the detergent phase ( Figure 1B, lanes 1 and 2) ; this was not influenced by the treatment of cells with BFA ( Figure  1B, lanes 4 and 5) . In contrast, when GPI-PLD was co-expressed in the presence of BFA, PLAP was not secreted ( Figure 1B , lane 12) but accumulated as a soluble form that was partitioned into the aqueous phase ( Figure 1B, lane 11) . The results suggest that PLAP is released from the membrane by GPI-PLD in the ER.
Quantitative determination of DAG
HeLa cells express endogenous GPI-anchored proteins including decay-accelerating factor [30, 31] . Cleavage of GPI-anchored proteins by GPI-PLD results in the production of PA in membranes, which is expected to be converted into DAG. We therefore examined whether DAG is increased in cells with or without the expression of GPI-PLD. [$#P]PA converted from DAG in the presence of DAG kinase and [γ-$#P]ATP was analysed by TLC (Figure 2A ). The radioactivity in each PA spot was determined and used to estimate the quantity of DAG ( Figure 2B ). Control cells without expression of GPI-PLD contained 122 pmol of DAG (Figure 2A, sample 1) . When GPI-PLD was expressed, DAG was increased to 264 pmol ( Figure  2A , sample 2), which was more than twice that in the control cells. These results suggest that the cleavage of GPI anchors by GPI-PLD induces DAG production. The total potential amount of DAG was also determined by an analysis of cells that had been treated with PI-PLC ; it was found not to be significantly changed by expression of GPI-PLD (Figure 2A, samples 3 and 4) . Because the direct product of GPI-PLD action is PA, we also tried to detect a difference in PA levels between the two conditions of cells with or without transfection. However, it was quite difficult to detect the difference between the mass levels of PA, possibly owing to its rapid turnover.
Membrane association of PKCα induced by GPI-PLD expression
DAG produced in response to various stimulations is known to activate PKC [32] . One widely used approach to monitoring the activation of PKC is to examine its translocation from the cytosol to membranes [33] . We examined whether GPI-PLD expression causes the membrane association of PKCα, a member of the DAG-dependent PKC family.
For the membrane-association assay of PKCα in itro, we used COS-1 cells that contained no detectable PKCα when analysed by immunoblotting (results not shown). Membranes prepared from COS-1 cells under various conditions were incubated with rat brain cytosol, a source of PKCα. The distribution of PKCα in the membrane and cytosol fractions was analysed by immunoblotting ( Figure 3A) ; the amount of membrane-associated PKCα was normalized against the total PKCα used ( Figure 3D ). The amount of PKCα associated with membranes, the basal level of which was approx. 20 % (Figures 3A and 3D, mock) , was increased to approx. 50 % in the PI-PLC-treated membranes
Figure 2 Quantitative determination of DAG
Control cells (samples 1 and 3) and cells expressing GPI-PLD (samples 2 and 4) were homogenized in PBS. One half of the homogenate was used directly for lipid extraction (samples 1 and 2) and the other half was incubated at 37 mC for 1 h with PI-PLC before extraction (samples 3 and 4). The lipid extracts were analysed with the DAG assay reagent system and TLC, followed by the quantification of DAG as described in the Materials and methods section. ( Figures 3A and 3D , PLC) and to approx. 60 % in the membranes from GPI-PLD-expressing cells with or without coexpression of PLAP ( Figures 3A and 3D , PLD and PLAP\PLD). PKCα was almost completely associated with the membranes by treatment with PMA, which is known to activate the kinase as a DAG analogue ( Figures 3A and 3D, PMA) .
The membrane association of endogenous PKCα in i o was determined by using HeLa cells (Figures 3B and 3E) . The basal level of PKCα associated with membranes was less than 40 % of the total PKCα and was not influenced by the expression of PLAP alone ( Figures 3B and 3E, mock and PLAP) . In addition, in contrast with the assay in itro, treatment of cells with PI-PLC did not cause an increase in translocation ( Figures 3B and 3E , PLC), suggesting that PI-PLC could not attack phosphatidylinositol, which is a main source for DAG generation and is localized in the inner leaflet of the plasma membrane. However, the expression of GPI-PLD greatly increased the translocation of PKCα to the membranes ( Figures 3B and 3E , PLD) but this effect was not as great when GPI-PLD was co-expressed with PLAP ( Figures 3B and 3E, PLAP\PLD) . PLAP is anchored to the membrane by alkylacylglycerol, not by DAG [34, 35] ; alkylacylglycerol neither stimulates PKC nor inhibits its activation by DAG [36] , as observed in the assay in itro with or without PLAP expression ( Figures 3A and 3D, PLD and PLAP\PLD) . The decreased level of translocation observed by co-expression with PLAP in the assay in i o could be explained by the possibility that the overexpressed PLAP might be competitive for the hydrolysis by GPI-PLD of endogenous GPI-anchored proteins containing DAG. It was also confirmed that the incubation of cells in the medium containing GPI-PLD did not cause such an increase in the translocation of PKCα ( Figures 3C and 3E,  mock\PLD) . These results suggest that the translocation of PKCα to the membranes is induced by the intracellular GPI-PLD expressed by the transfection, possibly through the cleavage of GPI moieties.
Subcellular localization of PKCα
We then examined the subcellular localization of PKCα : a postnuclear fraction of HeLa cells was centrifuged through a linear or stepwise sucrose density gradient, then fractionated and
Figure 4 Subcellular distribution of PKCα analysed by sucrose-density-gradient centrifugation
Postnuclear fractions were prepared from HeLa cells before (a-e) or after treatment with PMA (f) and from cells expressing GPI-PLD (g) and centrifuged on a continuous (A) or stepwise (B) sucrose density gradient, as described in the Materials and methods section ; 17 fractions (A) or 5 fractions (B) were collected and analysed by immunoblotting with antibodies against ARF, giantin, calnexin, integrin β3 and PKCα.
analysed by immunoblotting (Figure 4 ). Fractions obtained from the linear sucrose gradient were characterized for the distribution of marker proteins. ARF, which is present primarily in the cytosol and partly localized to the Golgi, was enriched mostly in fractions 15-17 and detected weakly in fractions 1 and 2 ( Figure  4A, panel a) . The Golgi marker giantin [24] was enriched in fractions 1 and 2 ( Figure 4A, panel b) . The ER marker calnexin [23] was also enriched in fractions 1 and 2 ( Figure 4A, panel c) . The plasma membrane marker integrin β3 was distributed mainly in fractions 3-9 ( Figure 4A, panel d) . We therefore conclude that fractions 1 and 2 contain the ER and the Golgi, whereas fractions 3-9 and 15-17 contain the plasma membrane and the cytosol respectively. When analysed under these conditions, PKCα from the control cells was distributed mainly in the cytosol (fractions [15] [16] [17] , although faintly detectable in the plasma membrane (fractions 3-9) ( Figure 4A , panel e). In contrast, on treatment of cells with PMA, most PKCα was distributed in the plasma membrane fraction ( Figure 4A , panel f). The expression of GPI-PLD also caused a marked change in the distribution of PKCα : most of the kinase was recovered in fractions 1 and 2 (the ER and Golgi), although it was detected weakly in the plasma membrane and cytosol fractions ( Figure  4A, panel g ). This profile is quite different from that of the PMA-treated cells.
Better resolution of the ER from the Golgi was obtained by centrifugation through a stepwise sucrose gradient ( Figure 4B ) : fractions 1 and 2 contained the ER, fraction 3 contained the Golgi, and fractions 4 and 5 contained the plasma membrane and the cytosol respectively. PKCα from the control cells ( Figure  4B , panel e) and PMA-treated cells ( Figure 4B , panel f) was distributed mainly in the combined cytosol and plasma membrane fractions. When GPI-PLD was expressed, PKCα was recovered mainly in the ER fractions, although it was also detected at a lower level in the Golgi fraction ( Figure 4B, panel g ).
The intracellular distribution of PKCα was also examined by immunofluorescence microscopy ( Figure 5 ). Control cells were stained diffusely, indicating the cytosolic distribution of PKCα (Figure 5a) . Treatment of cells with PMA increased the staining of the cell periphery, suggesting the localization of PKCα to the plasma membrane (Figure 5b) . When GPI-PLD was expressed,
Figure 5 Intracellular localization of PKCα analysed by immunofluorescence microscopy
HeLa cells before (a) or after treatment with PMA (b) and cells expressing GPI-PLD (c-f) were fixed, permeabilized and immunostained as described in the Materials and methods section. The cells in (a) and (b) were immunostained for PKCα ; those in (c) and (d) were double-stained for PKCα and calnexin respectively ; and those in (e) and (f) were also double-stained for PKCα and giantin respectively. Scale bar, 10 µm.
PKCα was more concentrated in perinuclear regions (Figures 5c  and 5e ) and mostly co-localized with the ER marker calnexin, as shown when the cells were double-stained (Figures 5c and 5d) . However, this staining pattern was clearly different from that for the Golgi marker giantin (Figures 5e and 5f ). Taken together, these results suggest that the expression of GPI-PLD induces the translocation of PKCα to the ER. 
Protein phosphorylation
It is well known that translocation of PKC from the cytosol to membranes involves the activation of PKC [33] , resulting in its autophosphorylation [37] and the phosphorylation of other substrates such as c-Fos [38] . In fact, when cells were labelled with [$#P]P i , all the $#P-labelled PKCα was recovered in the membrane fraction ( Figure 6A, lanes 1, 3 and 5) . The expression of GPI-PLD increased the phosphorylation of PKCα markedly, to a level similar to that obtained by the treatment of cells with PMA ( Figure 6A, lanes 3 and 5) . We also examined the phosphorylation of c-Fos, a substrate phosphorylated by PKC. Its phosphorylation was greatly enhanced in cells expressing GPI-PLD ( Figure 6B , lane 1) as well as in cells treated with PMA ( Figure 6B , lane 2), in comparison with that of the control cells ( Figure 6B, lane 1) . Taken together, these results strongly suggest that the expression of GPI-PLD is involved in the intracellular translocation and phosphorylation\activation of PKCα.
DISCUSSION
GPI-PLD is abundantly present in serum and has unique catalytic properties : the enzyme readily hydrolyses GPI moieties from detergent-solubilized GPI-anchored proteins but it is not active towards these substrates when anchored to intact membranes [17, 18] , in contrast with PI-PLC, which hydrolyses both the detergent-solubilized and intact membrane proteins. Therefore its site of action and functions in i o have remained unclear. Two possible intracellular sites of GPI-PLD action have been proposed. The enzyme, possibly taken up from serum, was enriched in a lysosomal fraction purified from rat liver and hydrolysed the GPI moieties of GPI-anchored proteins [39] . It was also suggested that the enzyme in the secretory pathway is involved in the cleavage of the GPI anchor [31] . This was confirmed by transfection experiments : when co-expressed with GPI-PLD, GPI-anchored proteins are intracellularly hydrolysed by the newly synthesized GPI-PLD [18] [19] [20] . In fact, as demonstrated in the present study, the GPI-anchored protein PLAP was released intracellularly from the membrane by the coexpressed GPI-PLD and secreted as a soluble form into the medium. The results obtained by treatment with BFA support the possibility that the cleavage of GPI by GPI-PLD occurs in the ER. It was suggested that an immature form of GPI-PLD in the ER is conformationally different from the mature secreted form and is important to its action [18] . The enzyme found in lysosomes might also undergo a conformational change caused by other hydrolases, including sialidase.
In contrast, it has been suggested that GPI-anchored proteins are involved in signal transduction directly or indirectly through its derivatives PA or DAG, although it remained unclear which enzyme is involved in the production of DAG or PA from GPIanchored proteins [11] [12] [13] . To clarify that the PA or DAG production is indeed induced by GPI-PLD action, we analysed the levels of DAG. In response to GPI-PLD expression the DAG level was more than doubled compared with that of control cells. Because this value was obtained with whole membranes, its increase in the ER membrane might be greater than this. It is also likely that PA produced by GPI-PLD is rapidly converted into DAG through the action of PA phosphatase [40] . This prolonged accumulation of DAG is comparable to other observations that the persistent elevation of DAG concentration is generated by the sequential actions of PLD and PA phosphatase in several systems [41] [42] [43] . We therefore suggest that GPI-PLD substrates in the ER, GPI-anchored proteins or GPI precursors, are new potential sources of DAG production.
On the basis of these findings we examined whether the GPI-PLD-dependent accumulation of DAG could induce the activation of PKC. PKC exists as a family of at least 12 isoenzymes with closely related structures [44] . All identified PKCs share a common functional requirement for phosphatidylserine and differ in their sensitivities to other activators [44] . Conventional PKCs, including the four isotypes α, βI, βII and γ, are activated by Ca# + and DAG (which are increased by a variety of physiological stimulators such as hormones and growth factors) or by non-physiological stimulators, including phorbol esters such as PMA [32, 45] . It is also known that PKCs are translocated from the cytosol to the cell membrane when activated [32, 45] . In the present study we demonstrated that an increased amount of PKCα was associated with membranes, in particular with the ER membrane, in cells overexpressing GPI-PLD. Although most PKCα was localized to the plasma membrane when cells were treated with PMA, it is interesting that a significant amount of PKCα was also associated with the ER membrane, which is consistent with results obtained for NIH 3T3 cells [46] . Dobberstein and co-workers [47] recently reported that ER membrane proteins of the translocation machinery (Sec61β, docking protein α and TRAMp) can be phosphorylated in a Ca# + -dependent manner and that PKC isoforms α and β are associated with the ER membrane, suggesting that the translocation of newly synthesized proteins across the ER membrane is regulated by PKCs. In addition, several other studies have suggested the involvement of PKCs in the phosphorylation of proteins that regulate vesicular transport [48] [49] [50] . These include Sec31p, a component of the ER export machinery [48] , COP I, a complex of coat proteins [49] , and ARF, a GTPase involved in the binding of COP I to the Golgi membrane [50] . Taken together, these studies suggest that the early stage in the secretory pathway is regulated by PKCs. It is therefore likely that PKCα, which is redistributed to and activated on the ER membrane in response to the cleavage of GPI moieties, might also be involved in the regulation of the early secretory pathway. Further studies will be required to elucidate the target(s) of PKCα activated under our conditions.
In contrast, it has been shown that a membrane-associated PLD exerts an essential role in membrane trafficking through the ER [51] and the Golgi complex [40, 52] , and that the activation of PLD is itself mediated by PKCs [53] . Therefore the activation of PKCα on the ER membrane through the action of GPI-PLD might result in the further activation of PKC-dependent PLD. In addition, PA, which is a direct product of PLD, has been proposed to participate in the regulation of vesicular transport in several systems [40, 54] . Therefore we cannot exclude the possibility that PA, itself generated by GPI-PLD, might be an important factor in cellular events, although we have no direct evidence for this at present.
The involvement of GPI-PLD in the regulation of PKC is demonstrated here in cells overexpressing GPI-PLD, raising a question about the physiological significance of these findings. The available evidence indicates that the hydrolysis of GPI is related to signal transduction. Various hormones and cytokines induce the hydrolysis of GPI and the inositolphosphoglycans produced, as well as DAG, act as second messengers [11] [12] [13] . However, there has been no direct evidence demonstrating that these stimulators also induce the expression of GPI-PLD. It is clear that despite being at a high level, the serum-derived GPI-PLD is not involved in the event because the serum PLD cannot cleave GPI on the intact membrane. In our previous study [18] we showed that GPI-PLD is expressed only in liver and brain. This suggests the possibility that PKC is activated through the expression of GPI-PLD only in these tissues. It is of interest that brain is a tissue enriched in PKC activity and GPI-anchored proteins. In addition, GPI-anchored proteins such as carcinoembryonic antigen (' CEA ') are released into serum in some malignant tumours [55] . It will therefore also be of interest to examine whether GPI-PLD is expressed at a high level and PKC is activated in these tissues.
